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Fluorescence microscopyWe investigate the relationship between stripe domains and the ripple phase in membranes. These have pre-
viously been observed separately without being linked explicitly. Past results have demonstrated that solid
and ripple phases exhibit rich textural patterns related to the orientational order of tilted lipids and the ori-
entation of ripple corrugations. Here we reveal a highly complex network pattern of ripple and solid domains
in DLPC, DPPC bilayers with structures covering length scales from 10 nm to 100 μm. Using spincoated double
supported membranes we investigate domains by correlated AFM and ﬂuorescence microscopy. Cooling ex-
periments demonstrate the mode of nucleation and growth of stripe domains enriched in the ﬂuorescent
probe. Concurrent AFM imaging reveals that these stripe domains have a one-to-one correspondence with
a rippled morphology running parallel to the stripe direction. Both thin and thick stripe domains are observed
having ripple periods of 13.5±0.2 nm and 27.4±0.6 nm respectively. These are equivalent to previously
observed asymmetric/equilibrium and symmetric/metastable ripple phases, respectively. Thin stripes grow
from small solid domains and grow predominantly in length with a speed of ~3 times that of the thick stripes.
Thick stripes grow by templating on the sides of thinner stripes or can emerge directly from the ﬂuid phase.
Bending and branching angles of stripes are in accordance with an underlying six fold lattice. We discuss
mechanisms for the nucleation and growth of ripples and discuss a generic phase diagram that may partly
rationalize the coexistence of metastable and stable phases.sen).
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Model membranes provide a platform for understanding domains
in biomembranes in terms of thermodynamics and soft condensed
matter concepts [1]. Membranes with a few lipid components can dis-
play remarkably rich thermodynamic behavior and exhibit complex
domain morphologies. An interesting example is the ripple phase
characterized by periodic corrugations in the lipid bilayer. For pure
lipids it is stable in a narrow temperature range and ripples can gen-
erally exist in several metastable forms. The ripple phase is formed by
a very wide range of membrane lipids including phosphatidylcho-
lines, phosphatidylglycerol and sphingomyelin in the temperature in-
terval between the pretransition and the main phase transition [2,3].
Currently the ripple phase is not known to have biological signiﬁ-
cance, but its abundance in model systems is intriguing and calls for
a deeper understanding. Since its discovery [4–6], the ripple phase
has been extensively studied by various experimental techniques in-
cluding freeze-fracture electron microscopy [3,7,8], scanning tunnel-
ing microscopy [9], X-ray scattering [2,10–15], neutron scattering[16], NMR spectroscopy [17], and ESR spectroscopy [18]. Several the-
oretical models have been proposed to explain the formation of the
ripple structure [19–25].
The emergence of ripples is closely associated with the main phase
transition. In [25,26] it was demonstrated by the use of the simplest
possible model of the chain melting transition in a ﬂexible bilayer
that the formation of two rippled structures with periodicity which
differs by a factor of 2 is expected when the intermonolayer coupling
is weak and the transition is near critical. However, the free energy
differences are small, so the molecular details become important for
the stability of the ripple phases. X-ray and freeze-fracture electron
microscopy studies have conﬁrmed the existence of two types of rip-
ples. One has an asymmetric sawtooth proﬁle with alternating thin
and thick arms and a ripple repeat distance of 13 to 15 nm. The sec-
ond one has a symmetric, sinusoidal proﬁle with a repeat distance
of 26 to 30 nm. The thermal history of the membrane plays a key
role in regulating the relative proportion of the two ripple phases.
The asymmetric ripple phase forms at the pretransition temperature
upon heating from the L′β phase, while both the asymmetric and the
symmetric phase form at the main phase transition temperature
upon cooling from the liquid phase. The free energies of the two rip-
ple phases are believed to be very similar, and the exact proportion of
asymmetric and symmetric phases depends critically on the detailed
cooling protocol [14]. The symmetric phase has been reported to be
metastable and will eventually convert to the asymmetric (stable)
phase at low temperature [14].
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obtained from molecular dynamics [27,28] and Monte Carlo simula-
tions [29]. In an atomistic model, de Vries et al. [27] produced an asym-
metric rippled structure when cooling a DPPC lipid bilayer from the
liquid phase. The structure consists of two subdomains, where in one
subdomain, the lipids are organized as a splayed solid, and in the
other, the lipids are solid-like and fully interdigitated. In the concave re-
gion between the subdomains, the lipids are disordered. Lenz and
Schmid [29] have produced symmetric and asymmetric ripples in
lipid bilayers byMonte Carlo simulations of a coarse-grained molecular
model. The asymmetric rippled structure found is very similar to that
found by de Vries et al. except that the fully interdigitated subdomain
is replaced by a narrow interdigitated line. In the symmetric rippled
structure, the membrane maintains its bilayer arrangement, but the in-
dividual leaﬂets contain curved, ordered stripes, where the upper and
lower monolayers are interlocked. The stripes end with conical regions
of disordered lipids, and the membrane assumes an overall sinusoidal
shape. The ﬁndings of fractions of disordered lipids in the ripple phases
are supported by theoretical [10] and experimental work [30–31]. Lenz
and Schmid suggest that the ripple formation is driven by the tendency
of lipids with large head groups to exhibit a splay. This observation is
supported by molecular dynamics simulations of membranes contain-
ing simple model lipids by Sun and Gezelter [28]. They constructed a
phase diagram showing the existence of asymmetric and symmetric
ripple phases as well as a ﬂat bilayer as a function of the head group-
molecular width ratio and the strength of the head group dipole mo-
ment. The diagram shows that the bilayer phase is governed almost en-
tirely by the head-to-tail size ratio, while the strength of the lipid dipole
controls the stability of the phase. Neder et al. have found by coarse
grained simulations that under tension the ripple phase disappears
and is replaced by a fully interdigitated phase [32]. Hydrostatic pres-
sures up to 3000 atm have the opposite effect and can induce a transi-
tion from the ﬂuid to the ripple phase as demonstrated by Mark et al.
[33].
The presence of an adjoining solid support will generally suppress
the formation of the ripple phase in membranes, depending on the
strength of the solid–membrane interaction. In 1994, Mou et al.
used vesicle fusion to produce single supported bilayers which dis-
played ripple phase formation upon the addition of Tris–buffer, as ob-
served by AFM [34]. In a subsequent paper, the same lab presented
ripple phase formation in asymmetric single supported bilayers pre-
pared by Langmuir–Blodgett deposition and imaged under speciﬁc
salt concentrations [35]. Symmetric single supported bilayers of
phospholipids have not been reported to exhibit ripples when buffers
besides Tris are used. Although suppressed in single supported bila-
yers, ripples have been found to persist in double supported bilayer
systems [36–38] because the top bilayer is more weakly interacting
with the support. When cooling DPPC from the liquid state into the
ripple temperature range, both the symmetric and the asymmetric
phases were found by AFM as determined from periodicity and am-
plitude measurements, and macro-ripples with twice the ripple re-
peat distance of the symmetric ripples were also observed [37].
Ripple formation and disappearance at the pretransition was studied,
showing that single ripples can appear or disappear one at a time
upon heating or cooling, respectively. Also, the melting behavior of
two-component DMPC–DSPC systems was studied in great detail.
For such systems close to the solidus line, an interconversion of the
symmetric to the asymmetric phase was observed, and upon further
heating the symmetric phase melted prior to the asymmetric phase.
These ﬁndings support the notion that the asymmetric phase is the
thermodynamically stable variant [37]. In the ripple phase/liquid
phase coexistence region, straight-edged anisotropic domains were
observed. It was found that ripple phase formation was directly re-
sponsible for the anisotropic nature of the domain pattern [36].
Parallel to the observation of rippled membranes, narrow stripe
domains of 10–100 μm length have repeatedly been reported inGUVs of binary mixtures of PC-lipids [39–46]. A typical example is
found in reference [44] showing a mesh of narrow linear domains in
a membrane with equimolar DLPC and DPPC. At high temperatures,
the bilayer is in the liquid phase, but at lowered temperatures, solid
ordered lines appear on the vesicles. These grow as the temperature
is further lowered. Such stripe domains are often found to have
characteristic bending angles at approximately 60∘ and 120∘ [39,45],
and they tend to form percolating networks that span the entire
vesicle [39,40,42,45,46]. Some reports suggest that the phase state
of the stripe shaped domains is the ripple phase [39,45] while
others claim that they correspond to the L′β phase [40]. So far, no con-
cluding evidence exists which assigns a speciﬁc phase to such stripe
domains.
In this work, we pursue an integrated characterization of the ripple
phase and the stripe domains in binary membranes using Atomic
Force Microscopy (AFM) and ﬂuorescence microscopy. Our setup al-
lows correlated imaging of the same sample region with both tech-
niques. We focus on systems close to the liquidus line and investigate
the domain formation process as the bilayer is cooled from the liquid
phase into the coexistence region. Several mixtures have been investi-
gated, but we focus on the results obtained for the binary mixture of
equimolar DLPC and DPPC. We work with double supported mem-
branes prepared using a spin-coating and hydration protocol which al-
lows easy and reproducible preparation of stacked bilayers with a wide
range of lipid compositions [47].
2. Materials and methods
2.1. Materials
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
dilauroyl-sn-glycero-3-phosphocholine (DLPC) were purchased from
Avanti Polar Lipids and used without further puriﬁcation. The mem-
brane probe 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanin
perchlorate (DiI-C18) was from Invitrogen. Sodium phosphate, dibasic
(N99%) and sodium phosphate, monobasic (N99%) were from Sigma,
while NaCl (N99.5%) was from Fluka. Methanol from Sigma and n-
hexane from Fluka were HPLC grade quality, and ultra pure Milli-Q
water (18.3 MΩ cm) was used in all steps involving water. Phosphate
buffer (10 mM phosphate, 128 mM NaCl) was prepared at pH 7.0 by
mixing the appropriate amounts of di- and monobasic sodium phos-
phate and has a ionic strength of 150 mM. Muscovite mica (75 mm×
25 mm×200 μm sheets) was from Plano GmbH, Germany. Mica sheets
of 10 mm×10 mm were preglued onto round (0.17 mm, 24 mm) mi-
croscope coverslips using a transparent and biocompatible silicone
glue (MED-6215, Nusil Technology, Santa Barbara, CA). Immediately
prior to spincoating, the mica is cleaved with a knife, leaving a thin
and transparent mica ﬁlm on the coverslip.
2.2. Preparation of supported lipid bilayers
To prepare a dry spin-coated lipid ﬁlm on mica, we used a stock
solution of 10 mM lipid mixture containing 0.5% DiI-C18 in hexane/
methanol (97:3 volume ratio). A droplet (30 μL) of this lipid stock so-
lution was then applied to freshly cleaved mica and immediately
thereafter spun on a Chemat Technology, KW-4A spin-coater at
3000 rpm for 40 s. The sample was then placed under vacuum in a
desiccator for 10–15 h to ensure complete evaporation of solvents.
To hydrate the dry spincoated ﬁlm, the sample was moved to the
ﬂuid cell (BioCell, JPK Instruments, Berlin, Germany). Phosphate
buffer was added and the immersed sample was heated to 55 °C for
1 h. The sample was then placed on the ﬂuorescence microscope
and ﬂushed with 55 °C buffer using a pipette adjusted to 500 μL. By
monitoring the response of the lipid ﬁlmwhile washing, the removal
of lipid layers was accurately controlled. After the washing proce-
dure, the liquid volume was gently exchanged 5–10 times to remove
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can be found in [47].
2.2.1. Epi-ﬂuorescence microscopy
A Nikon TE2000 inverted microscope with a 40× long working
distance objective (Nikon, ELWD, Plan Fluor, NA=0.6) was used for
epi-ﬂuorescence observations. Fluorescence excitation was done
at 540 nm with a Xenon lamp (PolychromeV, Till Photonics GmbH,
Gräfelﬁng, Germany) and a G-2A ﬁlter cube (Nikon) appropriate for
the DiI probe was used for imaging. Images were recorded with a
high-sensitivity em-CCD camera (Sensicam em, 1004×1002 pixels,
PCO-imaging, Kelheim, Germany) and operated with TILLvisION soft-
ware (Till Photonics GmbH). Epi-ﬂuorescence images were analyzed
with ImageJ (National Institute of Health, USA) and custom m-ﬁles
written in MATLAB™.
2.2.2. AFM imaging
Atomic force microscopy was performed using a JPK Nanowizard
AFM system (JPK Instruments AG) operated in contact mode. The
AFM is mounted on the ﬂuorescence microscope described above. Sil-
icon nitride cantilevers of the triangular type (MSCT, D-lever, Veeco)
were used, with a nominal spring constant of 0.03 N/m and a reso-
nance frequency of 15 kHz. During scanning, the sample was located
in the ﬂuid cell (BioCell, JPK Instruments AG) also used for ﬂuores-
cence imaging. AFM images were processed and analyzed using the
scanning probe image processor (SPIP; Image Metrology, Hørsholm,
Denmark). SPIP includes a module for Fourier analysis of AFM images.
2.3. Continuous cooling experiment
To observe domain nucleation and growth, samples were cooled
continuously from high temperatures, where the lipid bilayer is in
the liquid phase to low temperatures, where solid phase domains co-
exist with the liquid phase. Samples were cooled at approximately
1 °C/min from 50 °C to 20 °C, and the temperature was recorded
with an accuracy of 0.1 °C using a thermal sensor placed in the liquid
cell very close to the surface of the sample. Images were recorded
manually at approximately 10 second intervals, and the correspond-
ing temperature was noted.
3. Results
3.1. Thick and thin stripe domains grow in the distal bilayer
We ﬁrst investigate the growth of domains in a double lipid bilayer
(DLPC, DPPC 1:1) that is cooled from the liquid phase into the phase-
coexistence region. The supported double bilayers prepared above the
liquidus line are homogeneous and defect-free as visualized by epi-
ﬂuorescence microscopy in Fig. 1A. The region of the sample imaged
in this ﬁgure contains two bilayers stacked on top of each other. We
name the bilayer next to the mica and the one situated on top as the
proximal and distal bilayers, respectively. The bright spots are small
vesicles attached to the distal bilayer. These are difﬁcult to remove by
the washing without destroying the distal bilayer and they may occa-
sionally become nucleation sites for domains in the distal bilayer.
As the sample is cooled, domains start to nucleate at positions
scattered across the surface as seen in Fig. 1B. Solid domains are iden-
tiﬁed in the images as regions that exclude the ﬂuorescent probe. Two
populations of domains are identiﬁed in the images. The nucleation of
the ﬁrst population is initiated in the temperature range of 33.0 °C to
32.0 °C, while the nucleation of the second population is initiated in
the temperature range from 32.0 °C to 31.6 °C. In Fig. 1B, domains be-
longing to the ﬁrst population are larger than domains belonging to
the second population. As the temperature is further lowered, do-
mains belonging to the ﬁrst population continue to grow in area
and attain a ﬂower like shape as seen in the insets in Fig. 1B. Thisdevelopment is entirely equivalent to that observed for domains in
single supported bilayers of DOPC and DPPC as described previously
[48] and we conclude that these domains belong to the proximal
layer. The growth of domains in the second population (distal bilayer)
is different as the domains switch from a dark state with a lower
probe concentration to later extending with bright stripes having
more probe than the surrounding liquid phase. This is illustrated in
the inset of Fig. 1B and in Fig. 1C, it is seen that thin stripes extend
from the edges of the dark domains. Stripe domains that do not
start from a dark core are also observed.
In Fig. 1D (29.6 °C) we observe dark regions with smooth edges
near the left border of the image. Since there are no stripe domains
inside these regions they are interpreted as holes in the distal bilayer.
It is well known that the area per lipid in solid phases is smaller than
the area in the liquid phase [49]. Growth of solid domains will there-
fore result in a reduction of the total membrane area which for a sup-
ported bilayer will lead to hole formation.
The stripes extend further as the temperature is lowered, and ex-
hibit bending and tip splitting with angles close to 60° as highlighted
in the inset of Fig. 1D. Tip splitting occurs with a branching angle of
~60° and is only observed at the advancing end of the stripes and
not from the sides of stripes. At 29.6 °C a class of thicker stripes ap-
pears to protrude from the domains. The growth velocity of these
thick stripes is signiﬁcantly lower than the growth velocity of the
thin stripes. The growth of the thick stripes takes speciﬁc directions
relative to other thick stripes in the same domain. In Section 3.5, we
analyze the stripe angles and growth speeds quantitatively. At a tem-
perature of 28.1 °C, many thin stripes have become so long that they
have collided with other domains and the thin stripes form a perco-
lating network. This is observed in Fig. 1E.
At a temperature of 22.2 °C (Fig. 1F) the thick stripes have extend-
ed notably, and now these domains also percolate the entire distal bi-
layer. The width of the thick stripes increases, such that their aspect
ratio remains rather constant during the growth. When the front of
stripes collides with other domains, distortion of both thick and thin
stripes occurs and the straight lines and sharp bending angles are
modiﬁed as in Fig. 1F. The emergence and growth of holes in the dis-
tal bilayer also contributes to the distortion of the stripe network. As
previously suggested [48], the reduction in the molecular area as the
lipids solidify creates tension in the bilayer. This tension is partly re-
lieved by holes, but the inhomogeneous distribution of tension forces
also distorts the stripe network. At 22.2 °C, much of the ﬂuorescent
probe in the distal bilayer is absorbed in the stripe domains. This
makes it difﬁcult to distinguish between holes and the liquid phase
in the distal bilayer. At 22.2 °C, cooling was terminated, and the
growth of the domains stopped.
3.2. Thick and thin stripes correspond to symmetric and asymmetric
ripples
To examine the phase state of stripe domainswe use AFM at regions
selected by ﬂuorescence microscopy. Fig. 2A–D shows ﬂuorescence
images of a region of the sample recorded at four different tempera-
tures. In Fig. 2A, a thin stripe extends from the domain indicated by an
arrow. As the temperature is lowered, the stripe grows until it collides
with another domain as observed in Fig. 2D. The second domain con-
sists of a central region from which ﬁve thick stripes extend. This do-
main does not have a dark region at the nucleation point.
Fig. 2E shows an AFM image of the region highlighted in Fig. 2D. The
condensed regions are easily recognized as being higher (brighter) than
the ﬂuid regions. The shape of the domain region observed in the AFM
image corresponds well to the shape of the domain observed in the
ﬂuorescence image. Small deviations may arise because the AFM
image was obtained a few hours after the image in Fig. 2D.
Domains residing in the proximal bilayer are also observed in the
left and top part of Fig. 2E. In double bilayer systems, these domains
40 µm
31.1 °C
31.6 °C
32.0 °C
F
B C
D E
A
33.0 °C 31.6 °C 30.9 °C
29.6 °C 28.1 °C 22.2 °C
Distal Proximal
Fig. 1. Sequence of ﬂuorescence images recorded during the cooling of a double membrane system with composition DLPC and DPPC (molar ratio 1:1). The temperature for each
image is indicated. The entire system is initially in a homogeneous ﬂuid state (A) and cooling leads to the nucleation and growth of condensed domains (B–F). The proximal mem-
brane contains dark domains only, while the distal membrane also displays bright stripe-shaped domains. The distinction between domains in distal and proximal bilayers is point-
ed out in the inset of (B). Inset in (D) shows an example of tip splitting and bending in growing stripes.
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ously found by Leidy et al. [36,37]. The line scan in Fig. 2E shows that
the thick and thin stripes have different heights. The thin stripe is ap-
proximately 2 nm higher than the surrounding liquid regions, while
the thick stripe is 5–6 nm higher than the liquid regions. The two
square regions of the domain which are highlighted in Fig. 2E are fur-
ther investigated in Fig. 2F and G.
The AFM image of the central region of the domain is shown in
Fig. 2F and displays a surface with periodic corrugations. The line
scan (blue line) indicates that the corrugations have a period of ap-
proximately 30 nm, thus agreeing well with the ripple repeat dis-
tance of the symmetric ripple phase. The ripple orientation is
constant over extended areas, but changes direction at speciﬁc
straight line defects. At least ﬁve regions with constant ripple orienta-
tion are identiﬁed in the image. The orientation of the ripples in these
regions is highlighted by thin white lines in the image. When com-
pared to the corresponding ﬂuorescence images in Fig. 2A–D, we no-
tice that the growth directions of the stripes extending from the
domain are parallel to the ripple orientations. We also note the pres-
ence of a central point defect in the center of Fig. 2F corresponding
approximately to the location of the nucleation point.
In Fig. 2G, an AFM deﬂection mode image of the region where the
thin stripe touches the domain is shown. In this case two types of cor-
rugations are observed. The line scan in the ﬁgure is based on data
from the corresponding AFM height mode image. It indicates that
the corrugations have a period of approximately 13 nm in the region
of the thin stripe. This corresponds very well to the ripple repeat dis-
tance of the asymmetric ripple phase.
A 2 dimensional Fourier transform (power spectrum) of the de-
ﬂection mode image in 2G is shown in Fig. 2H. From the spots in theimage we determine the wave vectors k1 and k2 associated with the
two types of ripples in the image. It is seen that k1 is oriented perpen-
dicular to the ripple orientation in the thick stripe, while k2 is oriented
perpendicular to the ripple orientation in the thin stripe. The ripple
periods are conveniently obtained from thewave vectors in the SPIP soft-
ware as λ=|k|−1 [50]. We ﬁnd that λ1=|k1|−1=27.4±0.6 nm and
λ2=|k2|−1=13.5±0.2 nm. From these measurements we conclude
that the phase state of the thick and thin stripes is the symmetric ripple
phase and asymmetric ripple phase, respectively. Furthermore, we have
shown that the ripples are oriented parallel to the growth direction of
the stripes.
3.3. The dark domain core is in the L′β phase
To examine the nature of the dark domain cores, we again combine
AFM and ﬂuorescence. Fig. 3A shows an AFM deﬂection image of the
core region of the domain corresponding to the ﬂuorescence image of
Fig. 3B. The average ripple repeat distance in the region as determined
from the Fourier transform in Fig. 3F, is 29.5±1 nm. These ripples are
therefore of the symmetric type. The pixel resolution (4 MP) in Fig. 3A
is not sufﬁcient to resolve the asymmetric ripples of the thin stripe. Al-
though the doubling of the small, unidentiﬁed spots in the AFM record-
ing indicates a double AFM tip, this does not affect the ripple repeat
distance because the height variations in ripples are smaller than the
double tip.
In Fig. 3C, the AFM height mode image of the center of the domain
is shown. From the image we identify three different heights: The tal-
lest is the border region corresponding to the symmetric ripple phase,
the lowest region is located at the center of the domain, while a re-
gion of intermediate height is found between these two. The region
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Fig. 2. Topography of stripe domains. Fluorescence sequence (A–D) focusing on the growth and collision between a thin stripe domain (arrow) and a star-shaped domain with ﬁve
thick stripes. AFM topography image (E) of the square region highlighted in (D). AFM topography image (F) of the central region of the domain as indicated in (E). The period of the
corrugations as observed in the line scan corresponds to the period of the symmetric ripple phase. The ﬁve prominent ripple directions are indicated in the image (white lines)
which are parallel to the growth directions of ﬁve thick stripes of the domain. AFM deﬂection mode image (G) of the region where the thin stripe touches the domain, as indicated
in (E). The period of the corrugations observed in the thin stripe (line scan) corresponds to the period of the asymmetric ripple phase. Fourier transform (H) of the image in (G).
From the vectors k1 and k2 the ripple repeat distances and ripple directions are obtained.
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gion follows the path of the thin stripe as observed in Fig. 3B. From
Fig. 3C we also obtain that the symmetric ripples are 4 nm higher
than the asymmetric ripples. This agrees fully with the line scan
shown in Fig. 2E. The height difference of 4 nm also agrees with liter-
ature values for the peak-to-peak thicknesses of symmetric ripple
phase, 10.5 nm (for DPPC [51]), and asymmetric ripple phase,
6.5 nm (for DMPC [51] — the thickness of asymmetric ripple phase
for DPPC has not been reported in literature). Since DiI-C18 is exclud-
ed from the L′β phase [48] we conclude that the probe-excluding re-
gion found at the nucleation center consists of the L′β phase. The
three different phases identiﬁed around the domain core are marked
on the schematic illustration in Fig. 3E.
3.4. Templated growth of thick stripes on thin stripes
During growth of the ripple domains, we observe that thick stripes
increase in both length andwidth. By inspection of the ﬂuorescence im-
ages in Fig. 1D and E, we can see that some of the thin stripes apparently
increase in width during growth, while another group retains a rather
constant width. To understand this observation, we investigate with
AFM a region where thin stripes are growing in width during the cool-
ing process. Fig. 4A shows a ﬂuorescence image of the double bilayer
structure where several thin stripes exhibit a change of width at loca-
tions indicated by the arrows. In Fig. 4B–D, we observe how the wide
part of the thin stripes extends along the body of stripe, while the thin
regions of the stripes retain a constant width during the temperature
reduction.Fig. 4E shows an AFM image of a part of the region under investi-
gation after the cooling process is terminated. Three different heights
are observed in the image, which correspond to the liquid, asymmet-
ric, and symmetric ripple phases. The image does not have enough
pixels to resolve the ripple structure, but the phases are easily identi-
ﬁed from the height proﬁles. We notice that stripes consisting of the
asymmetric ripple phase do not change width at any location in the
image. However, we observe that stripes composed of the symmetric
ripple phase are located immediately next to the thin stripes in cer-
tain regions. By detailed comparison between the AFM (Fig. 4E)
image and the ﬂuorescence images in Fig. 4A–D, we observe that
the locations where the thin stripes change width correspond to
these regions. These ﬁndings show that the thin stripes do not change
width during the domain growth. Instead, they function as templates
for the growth of the symmetric ripple phase. We notice a character-
istic curved growth front of the symmetric ripple domains as indicat-
ed by the arrows in Fig. 4E. This curvature appears to be a general
feature of the growth front of thick stripes.
The observations above indicate that asymmetric ripple domains
grow almost exclusively in length and not in width. When the growth
front of thin stripes encounter obstacles (other domains), this phase
apparently ceases to grow further. Because the thin stripes only
split at the growth front, hardly any new thin stripes are generated
in the later stages of the cooling process. In fact, the thin stripes are
mostly generated immediately after the nucleation process and only
observed to grow from domains containing a dark nucleation center
of the L′β phase. Due to this correlation between the formation of L′β
domains and asymmetric ripples it is possible that the density of L′β
A1 µm
C D
F
1 µm
B
10 µm
E
L’βP’β (asymmetric)
P’β(symmetric)
Fig. 3. AFM deﬂection image (A) of the central region of the domain as shown in the ﬂuorescence image (at 22.2 °C) of (B). Height (C) and deﬂection (D) AFM images of the region
surrounding the nucleation point as indicated by the square in (A). Schematic illustration (E) of the three phases, L′β=green, P′β(asymmetric) = blue, P′β(symmetric) = red, which
were identiﬁed around the nucleation point (see text). 2D Fourier transform (F) of the AFM image in panel A.
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metric ripple phases in the phase-coexistence region. However, this
remains to be conﬁrmed quantitatively.
3.5. Angles and growth velocities of stripe domains
At temperatures slightly below the nucleation temperature, thin
stripes have not collided with other domains. The shape of these do-
mains has also not been distorted by lateral tension in the membrane.We use this regime to quantify the intrinsic bending angles of thin
stripes. This is done by manual measurements of 30 bending angles
in an image recorded at 29.6 °C. Fig. 5A shows the histogram of
these bend angles. One narrow population of bending angles exists
with a mean value of 115.3∘. It is interesting to note that on the occa-
sions where a stripe bends more than once, the bending is always to
the same side. In most cases, the stripes bend to the right hand side
with respect to the growth direction, but bending to the left hand
side is also observed. As discussed in Section 3.1, tip splitting can
A B
C D
5 µm
23.2 °C26.3 °C
27.5 °C28.1 °C
E
3 µm
Fig. 4. Templated growth of the symmetric ripple phase along the sides of asymmetric
ripple phase domains. Fluorescence image (A) with several initially thin stripe domains
that, upon cooling, increase in width at the positions indicated by the arrows. The
increase in width of these domains is shown in (B–D). Corresponding AFM image
(E) showing how the stripe domains are composed of a mixture of symmetric and
asymmetric ripples.
2855U. Bernchou et al. / Biochimica et Biophysica Acta 1808 (2011) 2849–2858also be observed. For single stripes, branching always happens to the
same side of the stripe and to the same side as any previous or subse-
quent bending. We suggest that the preference for bending and tip
splitting to one particular side is a consequence of the asymmetric
shape of the ripple waves, possibly in combination with the presence
of the proximal bilayer.
As noted in Section 3.1, the thick stripes appear to have speciﬁc di-
rections relative to the other thick stripes in the same domain. To an-
alyze this observation in detail, the intersection angles between thick
stripes originating from the same nucleus were measured manually
for an image recorded at 30.3 °C. Fig. 5B (inset) illustrates the location
of an intersection angle. A total of 139 angles in 28 domains weremeasured manually as shown in the histogram of Fig. 5B. The inter-
section angles cluster around 0∘, 60∘ and 120∘. A trimodal Gaussian
ﬁt is also shown where the peaks of the ﬁt are centered at 3∘, 59∘
and 119∘. The characteristic bending angles and intersection angles
found in domains in the distal bilayer reﬂect the underlying six fold
order of the condensed membrane phases.
The growth velocity of the stripes was quantiﬁed using an auto-
mated image analysis algorithm. Fig. 5C shows a plot of the extension
of a thin and a thick stripe as a function of time in the temperature
range between 30.9 °C and 29.2 °C. Of course, the growth velocities
are only with reference to a speciﬁc cooling ramp, but relative differ-
ences between thin and thick stripes are expected to be universal. The
extension length of stripes generally increases linearly in time for all
investigated stripes. The slope of the two ﬁts shown in Fig. 5C is
115 nm/s and 42 nm/s for the thin and the thick stripe, respectively.
A histogram of growth velocities for 35 different stripes is shown in
Fig. 5D. The two populations correspond to thin and the thick stripes,
respectively. The thick stripes have a mean growth velocity of 36 nm/
s, while the mean growth velocity of the thin stripes is 133 nm/s.
Thus, the thin asymmetric ripple phase grows more than three
times as long as the symmetric ripple phase over a given time.
4. Discussion
Spin-coating has previously been used for the preparation of sup-
ported bilayers of a single component [52] and ternary mixtures of
lipids [53,54]. The advantages of supported bilayers compared to
GUVs are the possibility to study rapid processes by time-lapse mi-
croscopy over extended periods of time and the facilitation of ad-
vanced image analysis by the planar geometry [52–55]. Spin-coating
can be used favorably to produce double bilayers where the second
bilayer preserves most properties of free standing membranes. The
stripe-shaped domains presented here are indeed similar to domains
observed in GUVs of the same mixture [39,42–45]. Also other binary
mixtures such as DOPC/DPPC [40,41], POPC/DPPC [46], DLPC/DSPC
and DMPC/DSPC [39,43], DMPC/DPPC and DPPC/DSPC [39] display
stripe-shaped domains in the solid ordered/liquid disordered phase
coexistence region. These common observations call for an explana-
tion of the nature of the stripes. Previously, it has been suggested
that the phase state of stripes observed in GUVs is the ripple phase
[39,45]. In the work presented here we have substantiated this hy-
pothesis by direct experimental evidence. To our knowledge, co-
localized AFM and ﬂuorescence microscopy has not been used to
study ripple phase structures. The combination of the two techniques
gives signiﬁcant new insight into the correlation between membrane
domain morphology and phase state.
Finding similar domain shapes and sizes in supported double bila-
yers and free standing bilayers is a clear indication of the versatility of
the spin-coating technique. We can furthermore compare the loca-
tion of the liquidus line in the phase diagram of the mixture to the nu-
cleation point temperature observed for the supported bilayers.
Seeger et al. have presented a phase diagram of the DLPC/DPPC mix-
ture [56] based on heat capacity proﬁles. The liquidus temperature of
the equimolar mixture extracted from the phase diagram is 32–33 °C.
We have observed the nucleation of solid ordered domains in the
proximal bilayer at 33 °C and in the distal bilayer at 32 °C. These mea-
surements show that ensemble physical chemical properties of lipid
systems can be studied at the level of a single membrane prepared
by spin coating. The slightly higher nucleation temperature of the
proximal bilayer compared to the distal bilayer probably arises from
the interaction with the support. However, this interaction is minimal
in our system, because the charges in the bilayer and the support
have been screened by counter ions from the high levels of salt as
reported by Keller et al. [53,57].
Literature gives somewhat conﬂicting information on the partition-
ing of DiI-C18 into various membrane phases [58]. The probe was
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Fig. 5. Distribution of bending angles for single stripe domains that display kinks (A). Intersection angles of stripe domains that originate from the same nucleation point (B). Both
(A) and (B) where measured at temperatures where the forces between domains have not distorted the angles. Quantiﬁcation of the growth velocity of the stripe-shaped domains
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liquid disordered phase [59]. This has been conﬁrmed by confocal ﬂuo-
rescence images of GUVs composed of DOPC/DPPC [41] and DLPC/DPPC
[40]. In these papers, the solid ordered domains were stripe-shaped.
However, in binary mixtures composed of POPC and ceramide, DiI-C18
is excluded from the solid phase [60]. This is in line with the results pre-
sented here, where we ﬁnd low partitioning into the L′β phase compared
to the liquid phase in supported bilayers composed of DLPC and DPPC.
Our ﬁnding that the stripe shaped domains are indeed composed of
the ripple phase clariﬁes these issues. According to our observations,
DiI-C18 partitions preferentially into the ripple phases over the liquid
phase, but preferentially into the liquid phase over the L′β phase. The rea-
son for this difference in the partitioning properties of DiI-C18 is not ob-
vious. The long saturated chains of the probe prefer an ordered
environment, which both the ripple phases and the L′β phase possess.
However, the large ﬂuorescent head group of themoleculemay ﬁt poor-
ly into the ﬂat, tilted geometry of the L′β phase, while the corrugated sur-
face of the ripple phases could provide the required space needed in the
splayed regions of the ripple ridge.
Our results suggest that when cooling the binary mixture from
the liquid phase into the solid ordered/liquid disordered phase-
coexistence region, domains of the L′β phase may nucleate and func-
tion as templates for the growth of the ripple phases. In these cases,
we observe the coexistence of four different phases over a range of
temperatures: L′β, asymmetric ripple, symmetric ripple, and the liq-
uid phase. The symmetric ripple phase is most likely metastable,
and when applying Gibbs' phase rule, this phase should not be
counted in. For constant pressure, the rule is reduced to
F ¼ C þ 1−P; ð1Þ
where F is the number of degrees of freedom of the system, C is the
number of components, and P is the number of coexisting phases.
With two components and three coexisting phases, there should be
no degrees of freedoms of the system, and a change in temperature
should lead to a reduction of the number of coexisting phases. Thisis not observed in our system, which means that one phase should
be metastable. Gordon et al. [39] have suggested a binary phase dia-
gram, where a metastable Lα+L′β coexistence region overlaps with
the equilibrium Lα+P′β coexistence region. We brieﬂy describe their
hypothesis and Fig. 6 shows an adapted version of their phase dia-
gram [8,39]. Equilibrium phase boundaries are given by solid lines,
while dashed lines outline the metastable Lα+L′β coexistence region.
During slow cooling, domains nucleate at point 1 in the diagram. Here
the bilayer can only separate into Lα+P′β coexistence. But a faster
cooling could take the system into the metastable solid ordered/liq-
uid disordered coexistence region. For domains nucleating at point
2 in the diagram, the system may partially lower its free energy ﬁrst
by separating into coexisting Lα+L′β regions with compositions
given by the points A* and B*, before reaching equilibrium by separat-
ing into Lα+P′β phases with compositions given by the points A and B.
Coexisting stripe- and patch-shaped domains have been observed
in GUVs composed of DOPC/DPPC and DLPC/DPPC at different molec-
ular ratios by Li and Cheng [40]. These authors found that the patch-
shaped domains functioned as nucleation sites for the growth of
stripe-shaped domains during cooling. Nucleation of L′β domains
may be facilitated by a lower Lα/L′β interfacial tension compared to
the Lα/P′β interfacial tension. Furthermore, the L′β phase may function
as a template for the growth of the P′β phase if the L′β/P′β interfacial
tension is lower than the Lα/P′β interfacial tension. All of the above
mentioned interfacial tensions are most likely anisotropic, and will
depend on the orientation of the tilted lipids with respect to the do-
main boundary. It is interesting that those ripples of the symmetric
ripple phase that are close to the interface between the asymmetric
and symmetric phase in Fig. 3D are parallel to the interface. As men-
tioned, Fig. 3D does not resolve the ripple orientation of the asym-
metric ripple phase, but assuming that the ripple orientation of the
asymmetric ripple phase is parallel to the ripples of the symmetric
ripple phase, the asymmetric ripples will be oriented parallel to the
L′β/P′β interface. It is known that in the asymmetric ripple phase, the
lipids have a net tilt orthogonal to the ripples [61]. Furthermore, we
have previously shown that lipids in the L′β phase display a complex
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Fig. 6. Generic temperature–composition phase diagram of a binary phospholipid membrane adapted from Gordon et al. [40] (left). The diagram shows metastable Lα+L′β coex-
istence region overlaps with the equilibrium Lα+P′β coexistence region. Equilibrium phase boundaries are given by the solid lines, while the dashed line outlines the metastable
Lα+L′β coexistence region. Such a diagram could explain the formation of L′β phase at the nucleation of the domains. Schematic illustration of a possible connection between ori-
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local membrane compositions (stoichiometries) as provided in the phase diagram.
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note that the L′β phase region of the domain has a characteristic horse-
shoe shape, not unlike the cardioid-shaped domains reported in some
monolayer domains [63]. If the orientational texture of the horseshoe
L′β domains is as indicated in Fig. 6 it is not unlikely that the lipid tilt
in the L′β phase region of the domain in Fig. 3 is oriented orthogonal
to the L′β/P′β interface. This would indeed indicate a reduced L′β/P′β in-
terfacial tension, because the lipids would be tilted in the same direc-
tion on both sides of the interface.
The detailed processes going on at the border of the L′β domain has
importance for the generation of the asymmetric ripples. As men-
tioned in Section 3.4, the formation of the asymmetric ripple phase
is only observed at domains containing a nucleation center consisting
of the L′β phase. Because the asymmetric ripple phase does not grow
perpendicular to the ripples, the density of domains with a L′β nucle-
ation center controls the ﬁnal ratio of asymmetric to symmetric ripple
phase. In relation to these ﬁndings, it is interesting to note that scat-
tering experiments suggest that it is the exact cooling procedure that
determines this ratio [14]. Fast cooling leads to a high ratio, while
slower cooling leads to a low ratio [13]. We have not performed ex-
periments with different cooling rates for double supported bilayers,
but our previous results for single supported bilayers of DOPC and
DPPC suggest that fast cooling rates lead to a high nucleation density,
while slow cooling rates lead to at low nucleation density [48]. Fur-
thermore, the fast cooling rates also take the system into the metasta-
ble Lα+L′β coexistence region before domains nucleate. Our ﬁndings
are thus in line with the scattering data and could explain the ratios
described earlier.
The anisotropic nature of the interfacial tension is most likely re-
sponsible for the formation of the stripe-shaped domains. What con-
trols the thickness of the stripes is presently not known. Since it
seems that they do not grow in width during cooling, we suggest
that processes occurring at the domain nucleation site are responsi-
ble. It is likely that the size of the nucleation center, which consists
of the L′β phase, modulates this width. Future experiments will have
to clarify these issues. However, the widths we measure are in the
range of 1–2 μm, which matches those found in many GUVs.
One of the most surprising ﬁndings in this work was the very high
growth velocity of the thin, stripe-shaped domains. We have shown
that a very small, externally imposed change of the system (in our
case a temperature change of ΔTb1 °C) can trigger the formation of
structures that are several μm long in just a few seconds. It is interest-
ing that this type of domain growth was indirectly observed by
Winchil et al. in 1989 [64]. These authors used ﬂuorescence recovery
after photobleaching (FRAP) to demonstrate that a small fraction of a
condensed membrane phase could disconnect diffusion in theremaining liquid phase. Based on this, they concluded that the do-
mains must grow in a dendritic form. This is in agreement with the
percolating networks we observe, which will essentially conﬁne
ﬂuid phase diffusion to the domains that have been segmented by
the stripes.
It is presently unclear which inﬂuence the ripple formation pro-
pensity of membrane lipids have in biological cells. However, if the
ripple phase exists in natural membranes, the ability of the lipids to
grow into a solid network very rapidly by using only a small fraction
of the lipids to do so could be very useful to rigidify and compartmen-
talize the membrane.
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